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FIELD OF THE INVENTION 

This invention relates to projection lens systenns and, in particular, to zoom projection lens systems. 
5 BACKGROUND OF THE INVENTION 

As Is well known, projection lens systems are used to form an Image of an object on a viewing screen. 

The basic structure of a projection lens system is shown in Figure 8, wherein 10 is a light source (e.g., a 

tungsten-halogen lamp), 12 is illumination optics which forms an image of the light source (hereinafter 
10 referred to as the "output" of the illumination system), 14 is the object which is to be projected (e.g., a 

matrix of on and off pixels of a LCD panel), and 13 is a projection lens system which forms an enlarged 

imago of object 14 on viewing screen 16. 

Viewing screen 16 can be viewed from the front or the back depending upon the particular application 

of the projection lens system. Also, instead of being v»ewed, the image can be recorded on a recording 
76 medium, e.g., film, in such applications as a photographic enlarger. 

For many applications, the light source, the illumination optics, and the location and size of the both the 

object and image are fixed. For a variety of other applications, however, It is desirable to be able to vary the 

size and location of the image. In particular, projection lens systems often need to be used with different 

size screens or in rooms having different dimensions. The parameters of this problem are often expressed 
20 in terms of providing variable image distance to image width ratios, which typically run in the range from 7:1 

to 1.5:1 (hereinafter the "ID-IW ratio"). 

In the past, various approaches have been used to vary the ID-IW ratio. The most basic approach has 

been to use a set of interchangeable fixed focal length projection lens systems with a particular member of 

the set being chosen to match the ID/IW value of a particular room/viewing screen configuration. The 
25 disadvantages of this approach include the facts that only a finite number of ID-IW ratios can be satisfied so 

that in general the image size is smaller than the projection screen, the setup time for the system is often 

significant, and the number of components which must be transported and stored is large. 

To avoid these problems, zoom projection lens systems have been developed in the art. See. for 

example, U.S. Patent No. 3,920,315. These lens systems have followed zoom lens technology developed in 
30 the area of "taking" or "objective" lenses, e.g., camera lenses. Examples of such zoom taking lenses can 

be found in, for example, E. Betensky, "Zoom Lens Principles and Types", SPIE, Vol. CR41, Warren J. 

Smith, Editor, 1992. 

The zoom projection lens systems which have followed the taking lens approach have employed a 
zooming unit, a compensating unit, a focusing unit which has been either separate from or part of the 
35 compensating unit, and a fixed unit containing an aperture stop. As a result, these zoom projection lens 
systems have been highly complex containing many lens elements. Also, for low ID/IW values, these design 
forms would require excessively large diameters for the lens elements which would significantly increase 
manufacturing costs. 



Zoom lens objectives have been developed for camera applications which employ a moving physical 



40 aperture stop. Such a stop can be used to minimize both element size and aberration variation during 
zooming. Reduced aberration variation, in turn, reduces lens complexity. By means of this approach, 
significant simplification in terms of both economy of elements and motions of elements has been achieved. 
See U.S. Patent No. 4,838,669. A related approach has employed multiple physical stops at different 
locations in the zoom lens system, with different stops controlling the aperture and vignetting of the system 

45 as zooming takes place. See U.S. Patent No. 4,749,265. 

As discussed in detail below, in accordance with the invention, it has been determined that the moving 
aperture stop approach is not suitable for zoom projection lens systems. Specifically, such a stop generally 
results in a moving entrance pupil which leads to a variety of problems when used with fixed illumination 
optics having an output at a fixed location, the most serious of which is that small ID/IW values cannot be 

50 achieved. Although multiple physical aperture stops can in theory be used to address the moving entrance 
pupil problem, the result of this approach would be an unnecessarily complex and expensive zoom 
projection lens system. 

The problems resulting from a zoom projection lens system having a moving physical aperture stop can 
be addressed by using illumination optics having a moveable output location. However, this simply transfers 
55 the problem to the illumination portion of the overall projection system making thai portion complex. In 
addition, illufnination systems having moveable outputs are inefficient in terms of illumination at the viewing 
screen per unit of energy consumed, i.e., higher wattage lamps must be used to achieve the same level of 
screen illumination. 
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Zoorr projection Ions systorrs specifically :losignod for use with LCD panels have been di£clcse<1 in 
Japanese Patent Publications Nos 4-1724 16, 4-8 3215, and 3-21336 '2, The '4 16 pLJOiication uses in,-. 
olassh. :i! apf. fijaoh of a 'i 'L.d a{.'L:ftU't: -:hJi' ano V\.it :ric fuiLil:!ng l-jns iVitu-n i^ h'^tiiy .^ofTipt.;- in^iuJing 
fuui units dfiiJ tun uU..;itiu' its. TIj*..- '215 f.. ljIj i'. at un tiji;. is rntjvHiij apurt.jrt.. itjp lu^uitirnj in a niuvuiij uritrdf i>... t.; 
i.uf'i whi ji li'riit- Its dt 'Hily t-j a J t'Ve 'J 'A ID IV/ \ci\..Kjt Th'j '012 [..uoIm. dth.-n ^iriilciriy hcis a npjvi'i.j 
atJoiiLitf stop and thjs enoaniie pupil Ancn aga n irn-ts tlit rarivj:; o' ID IvV values Moreevtj' tre len;? 
systcn^.s i' f ttiis publication exhibt vanaoons n light lovel at the sciocn a: the lur^s is Jijor-iod 

Projection sys'.ems whch employ LCD panul£ present special picberrs 'or a oC)oni pr ctjcctiCf^i Itjns 
systori" Tor oxarTTolo. beam splitting o;:tics are ufto^n usod Aitn LCD r-'anels so that th-ce cei jrs carT in... 
prC'joctod using one projection c-ris £y:'erri. Fch tticso afjfj icaticuis, ^hc:ro neec:s '.u tje a Icirge spa'Jt; 
Lotv;ocn ino object arx1 the first Ions elor^^ont of the .:oom projection lone systen^. 

Tho; corresponding problo'TT for a takmg or objoc:tivc lone nvolvos creating a large ijuck-fecal-lcngtn t<j 
focai-lcng-.h ratio. For wide angle ta-inj lenses, ar" nvo'tco tclofihij-.o cesigr^ composed of a nocativ-e first 
unit followed bv a positive si-cond jn { •:on:ainiFTg an apeduro sttjp can in: usoc fci tms pL.rposo. SiJCh 
lorTSOS. howevo'. always iiave a moving c;:-^r pjpi- '.^ orMrance pupil m or ctjuLtior-i Ujns te'niiui.dogy Thic 
niL-ans that conventional inverted teiephoto JcorTi lenses cannot be directly applied :o tfie prubic^ni uf 
providing a largo soace between :ho object and tf^e first olernent of a zoom projection leni system 

ArTothOf orobleri^ assuc ated witti ^oc-rn projection ler^s systems A-hicfi arc to be usee w th LCD parx'ls. 
as v/oii as in other applications s that ir" s^mo case s it is necessary for the ennance pi. oil to be at mfir-iitv 
Of at lea't at a great cistance from th-: r)t:.jert a eonditijr^ referred to as telecentric This is eidiO' to 
mininii7e the angle ni the princip)al ray at the objert. c tn iTiinm 7e the cnange of magr «firatien 'nr an cut 
of focus rnndition. To achieve thi? nnditrjn. rhe aperture stop is. usually ptaceMl at tfv"; t'ack fnrus pr)Sition 
cf tlio roar lens unr. Depending open the sue of the object, and 'tie -its-arvo from 'he object m the first 
lens SL.rfajo. the back fucus positicjn ccuii-: be a tronsidei abl- ; distaneo fr-jm tl'o roar Ions .jnit. thus requiring 
a largo physical sue for the le ris band in the :ase cc a ::oon-i p-ojocti' -n lens system ciosig-iod «n 
aceordan'.:e Aith pr o' ad apt: roa(;tie;s. t'l s p-obierr is oxai t.c bate :i bccaus*.. the mcvin;^ eiofTiunts aouUI 
havt.; ti. be on tfie image side (.>< tne aper-i.tc' s:of^ 

ir^ vu: A of -he fc.f* -.irg star.:.- ct :h;.: art. it li an ebit-et o- thi f invent" -n to pr .'Viot; .mri?- 'vud j--.'i.'m 
;:o:j]oct or" lens systeriis r^aviru^ an er^t-are,-.; f,:'Lipil A-hicfi rtcn^airs at a s Libstant.aliv fi-:tce iccaj^v- ovt;:;i tne 
joctm range :>\ \he system, and whictT have; ni-c or mere ar^i p'ofeMcitily most o\ all of ttic- folle^Ain<. features 
1) the ab hty to provi j^; a relative-y Aidt? and contiriuous range of \D !W values; 2) ttoc ability te provioe a 
relatively wide an^ula- coverage. 3) a roiativoly l?w f-niiTT-itjor 4) a relatively simfile evtC'iall structLJu'; 
e:n^pl(jv- 'J a roiativoly sma I r-umPof of ic^n- e?lcf^ients: b) a st'uctu-«^ w n c h >;fT^pioys len - elements havm«-j 
relatively small d-anieters ar^O 6) a s^ruciurv: At-iich ermplovs a relati^nHy -^n-all number ,cf asotTone SLJrfac-s 

Tc' achievvj tne fe rt:;gc)if^g ana o:ne' oo ects iciverTti :vi en^p uys a prc ,:ess for deogrTirig ^C'C'^^ lut^s 
systeriTs not previously jsed m tt'O art. In thiC; past, designers of ^uom lens systerTis. ir ciudirig orcjectien 
joom Ions systerns. have u-^iforr^-^i v' fpecif ed *hat tne^ lens systerr liave one and. ir sowa: cases, moo? W^in 
one stop. Se--: thu d s^, uss-ori of ojom io' s systerris set fjrtc a two 

Tfiat s. ir~i doing ti e- Looiputor a'uilys.s ^ ard dao.: lens systems, praottioner^ m iro: an cav.,;; 
spt:;cified a ■c>cat!on fo^ at least one ptiysicai at:'ertun.: s'op. In f:ait. this approach lias been to loweri 
toc'ause ens OjSign OM^MjjiC' or-rams r,/C!uirc c.'' c:L'«.ou-f stoo lo. at^or^ as :.ar! o^t ri;-^Li: irdc''r>iai n 
f:r.. \.idtOT 0\ tnt- use:r Tois in'.;'r r-^at on i- rc^eijirea since uens .lesnjn 0'"f^f:>LJo:~r pregra^nf use- tn^ aiootu't- 
st<'[ ti ■ taKO a^ count tht c>hvsi:,c:i \m tat c n *hat an 'jpti :al syster^i •. ar" only co\ ci linotel ..Mn, o' li'jh: 

I ri ^ ptns cai iir~nitcith.'r-! \'' tuuv ha^ ■au^c-i [^r',:^ clt.sgnors nc t'" gjtsthoi tn, nt.ncc t- r p'v,oii .J 
a^.H.'t.iit- ?t/[- ir tt^Oi' h-ns lesi'^rp- Ttiuo <is tn* 0!S>.ussi''n >! J<^<^r^ \ori^ svstcr^^^ s<.t fortn at-'vi- sn^v^^. 
tnt:Sf pro'r l"1e!Slgne^^ tiave ir'ciude^ni fxt-ii pivy^'i-, .il aperture steps, rrovinij pt-ys Ctil aperojrr stops, and 
mui*i['it [uv.Sh ai c:[.u. tuff St .^os m -he K-ns sv^tc^^s tne\ '^,:\•.■ ili'SiijneO Ir^ . a-O' ^ast■ t'l ' ir^'Ousi ."- a 
rn-,-, ,r .rjOi 't..r; St !' Sr^C:-- nt:S lin^iti ] trv: [ ■( ! ' 'rr^^an: 1 iiUil C'- Sifn[ :0!*» - r PO" ^ ( - Jltirr-; irns rv'Stcr^^ 

lr-1 acew.pin a., witti the irv. ^no.-iro it tiar LH.'t::n o ■ti. rmiro-O t^at ttu ■■'cate>n mi a L>n\M: a- a;''' 't>i'C st* c 
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In particular, as used herein, the physical aperture stop is defined as that element of the projection lens 
system which limits the amount of light which can pass through the system from a Lambertian point source 
located at the intersection of the system's optical axis with the object plane, e.g., the plane where, for 
example, a LCD panel is located in a projection television application of the invention. 

5 That is, the physical aperture slop is the lens element which defines the projection lens system's 

numerical aperture, where numerical aperture, as is conventional is the sine of the half-angle of the widest 
bundle of rays capable of entering the lens system, multiplied by the index of refraction of the medium 
containing that bundle of rays, e.g., 1.0 for a lens system used in air. As zooming takes place, this physical 
aperture stop will, in general, remain at a fixed location. For highly complex zoom projection lens systems 

10 containing multiple moving groups, the physical aperture stop may in some cases jump from one lens 
element to another element as the magnification of the system changes. 

In addition to a non-operative physical apcrturo stop, tho zoom projection lens systems of the present 
invention also have an "operative" aperture stop. By definition, the entrance pupil, exit pupil, and aperture 
stop of an optical system are conjugates of one another so that a principal ray aimed at the center of the 

15 entrance pupil will mtersect the optical axis at the location of the aperture stop and then at the location of 
the exit pupil. Accordingly, specifying the location of the entrance pupil defines a location for the aperture 
stop. It is this aperture stop which is the "operative" aperture stop of the zoom projection lens systems of 
the present invention. That is. in the present invention, the location of the lens system's entrance pupil is 
fixed at the location of the output of the illumination system and the image of that entrance pupil in lens 

20 space is the operative aperture stop. 

The operative aperture stop does not stay at a fixed location as zooming takes place. Rather, as the 
locations of the lens units and/or elements making up the zoom projection lens system change during 
zooming, the location of the operative aperture changes, even though the location of the entrance pupil 
remains constant. Indeed, as zooming takes place, the operative aperture stop moves up to and passes 

25 through lens surfaces in a continuous manner. 

The operative aperture stop is in general smaller than the physical aperture stop over the entire zoom 
range of the projection lens system. In some cases, however, depending upon the design of the lens 
system, the operative aperture stop and the physical aperture can coincide at some point in the zoom 
range, in which case the two stops may have the same size. 

30 It should be noted that because the operative aperture stop Is not the physical aperture stop, the zoom 
projection lens systems of the present invention are not suitable for use as taking lenses since when used 
as a taking lens, the physical aperture stop would be the operative aperture stop which is not how the lens 
was designed to be used. That is, the zoom lens systems of the invention are designed to be used with an 
illumination system having an output at a specified location and when not used with such an illumination 

35 system, e.g.. if used as a taking lens, they do not. in general, produce acceptable images. Indeed, testing of 
the zoom projection lens systems of the invention needs to be done with the illumination system with which 
the lens system is to be used, as opposed to testing the system in a taking lens format as done with 
conventional zoom lens systems. 

As mentioned above, optical design computer programs require an aperture stop to take account of the 

40 physical limitation that an optical system can only accept a limited cone of light. It is important to note that 
zoom projection lens systems designed and built in accordance with the present invention satisfy this 
physical limitation even though 1) the system's physical aperture stop is not its operative aperture stop, and 
2) a physical aperture stop is not used in the design process (see below). Specifically, the illumination 
system will be designed so as to produce an output at the entrance pupil of the zoom projection lens 

45 system which is approximately equal to the size of that pupil. Accordingly, a physical aperture stop is not 
needed since the light entering the projection lens system is self limited. 

The present invention can be practiced with conventional optical design computer programs without 
reprogramming even though those programs require the user to specify the location of the aperture stop. 
This is done by means of what will be referred to herein as a "pseudo-aperture stop." That is, a pseudo- 

50 aperture stop is specified which 1) is in the object or image space of the zoom projection lens system, and 
2) has the same location as the output of the illumination system. Since the aperture stop and entrance 
pupil are conjugates and since the pseudo-aperture stop is in object space where there are no lens 
elements, this procedure causes the entrance pupil to be at the location of the output of the illumination 
system as desired for efficient coupling of light between the illumination system and the zoom projection 

56 lens system. 

Since optical design convenlion assumes thai light travels from the long conjugate of an optical system 
towards the short conjugate and since this direction is backwards from the direction used in the foregoing 
discussion, in the actual design process, the pseudo-aperture stop will typically be specified in image space 
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and it will bo the location of trc Ions svstcn^i s oxit pL-pi! which is controlled to achieve the doswod efficient 
coupling of iQht. 

In .'itjw thu for^^guiny Vt: invunti'jn bd^icdlly pruvidui a Jlutt pr jjc-:-.ti'jn \<jn^ ty^Ujn^ as s-^t furt'i in 
'Mt_.- -Mc: ri :Jarns. and Aith fL.r*J)tK arr.ag-j^, u i f(.;cilurfS as I'l tnt..; s^itj...ia rn- 

As LJsv'J ht;roir tfu..- t-jini "itjn- u'iil'" nioarii -jf -jr nfjft ci'Jjcti. vr it !t,;iis ui-s. rnunli I'jgcthL r ptffjnn 

a particulai jpticai function, e.g.. zoornirg. compensating, fccnsir^g. f old fattonirig. or the like In most 
embed r^Tonts of the invention, the lens elements making up a ens unit do no: mov^.- lelat ve to one anotnet. 
although m certain en^bcdiments. iens jncs may have suOL.nits ■Atiich move during all oi a oait o^ zoorTTir^g 
or focLising. Sin^tlarly m most er^bodiments of the iriventien. ler^s units v/ill move reative Xo one anotner. 
although in some err boiimc-nts. two cr more; units r^ay remain at fi>:c-d locations relative to one ano'.her 
during all or a part of zooming or focusing. 

Figures l through 7 arc schematic side vmjwc of zoom projc<::ticn Ions systcr-'^s constructed m 
accordance with the invention. The upper porticn of oacn cf these figiires shijws ttic zoom prj-citiori Ions 
syster-n \n its shorl of^OLCive 'ocal lengtn (EFL) cc-rrigur ation while the lower fojrtijn shows it m its long EFL 
conliqL.iat 'jn The locations of the operative s'op, thu ptiysical sto("). anc the fiscuidu stop are shown m each 
of tt^o figures. 

Figure 8 is a schematic diagram shewing an civorall project on systenn m which :he zoom projection Ions 
systems cf the present invention car bo used. 

As discussed above, the present nvent'jn relates to orcjoction joom leris systems hav ng entrance 
pupil? /vhich remain at substantially a fixed location a? the ?yster^ .^ooms between its minimum rnagnifica- 
tinn (m',„,, ) and its maximur-n magnifir ation (rTi',,,^^^) 

In its most simple e>oc jtion. the lens sysrenn includes two lens units v/ith the first un t (ohjort sine ur^it) 
ha.'ing a [■•ositPv'O power and the second ur)i* nrriage side uriit) a negative :u'^'wer Movement of the first unit 
sc'ves [0 change the rnagmficatinri jf *he system botwoon rri',,,,, and r-r„ As is L.onventionai for a joorr 
ens empjloying one positive zooming jni: ^-^e range of magnification {m'„,,,. to m',,,.^.) is centered around 
-1.0 with m',..„, oeing appr oxirriately equal tc 1 m'„,,,.,. 

Iho sc'Cjnd orTiacjO side) LJriit pr^^vh.los L i-!mp)er^sa:ior- for the cf"an.je C'f ff-^'us pjsnor- caused bv 
'vov^.:n-(_:n: '-'i trie f rS' unit ar-d defin-.;s th^; CvCna' f^' .ai luncth^ C'f ttio svst:;r^T Als>-^ trio ioC'ind unit :ar t.'..; 
js:;u i''dC;oendentlv fc-r foe esmq at diffcuert Tiago distances. C; . . ciifferent screen distances 

If dosied. add tional Ions units l ar^ t:>c CTTipioyud in the practn."e of the inventior^ to allow for tolocentnr 
systoms. off cient cor'0.:tion of ex'orriod local lt:)ngtfi ranges, minimization of Ions olorT^ont size, and 
rr inimizath:iri of barrel Icn'igth. 

As '"rS' Lisscd aijc-vt"', the key tC' do- lM;- jo^:"^'' [r^f oic-:t-''-'n W'n^ s\stc-r^^s '.^'^ the roesen: icivor'tic-n is 
soecitving the location of the systi::rr's ent-ance pops, biit ni. t spocifyir^g thu locatior^ of its physical 
aperture stop'. For ronventiorial lens design ccr^ipLJter orcgrams, ttiis is preferably done throegfi ttio use of a 
p SOLI d c - a p e r t u r 0 stop. 

Specncally. in Ljsir^o the cor^^puter program, tne aperture stop :al od fo- by the program is placed m 
oijicct space at tfit' desired locatc'T^ of :ho zocMr pM rejection ens svstor^i's ontian:c: pupil, Alt or natively . as m 
the.- cast;.- of a telocentr ic zoohn proiec -jon ens svsterT^. designe-d tC' t.-'O use 1 with an ilkimmation svsion^ 
whose- ou'pLJt IS located a long distar^ce m trorr of trK: C'bie'd (St e F^ampie 7 t.'eiow). the apeitu'O sto::' is 
p aio.^ri in imagi.- space 'r^ either case;, t-e-ore [^assir^g threcgh tnr aoef:u'-"^ stop, trie cornputod patn of the 
iig'^t r>ijst pass througn all ens so- 'a t^s n e . it nujst be n oL>jc:! space c irT^a.]- soace as oi^frosed to ions 
sp^act. ' s ■ tn>:;t !n< apt^rturt: soor a^i C£ ch\o o '^ji. 'jao:.. • s ^ 'Ovo^" poC' aoici the apcoj'^ 

sto^[ w;l! . .un.ide. This ^e ujrtLii o st^d wfii n is pia-o d n oPiLO : •' ir^Tag- sp.^. - is lOt f_';c.-Lio-a[HO t jr e st-p 

Tvpi^ ally. tOL! dusirod -ocatie^n for trie entrar^'-e pupii ane thus of tn^ psLnido-3(:todci c: stop will 
pnvsi-.aiiv hH-; withm tho; sf.' ace t"e;tv.'»^-n it^e; first arTc last h.^ns surfaces, it.-, tf^t; phySii:al I'. ation of t^^r 

['SClJ^P -ciC^t-dur. St;'[' W! I [\- \n U ns SI t' ar^S^- 'I r-; tfis .v^vSi>a' ir^ti C^ldt-^'d I rri a^'jt.' S[\i ■ . 

n.-vja: V( ^; ci"in:;s ot.-^w</ :n tnr . ciO'-^ri si.i'*a . s us. c Pv t'^' ■ ■ noHitj- ::"^"'>v.ini are tempi :^,:0 

Pop is ir' tne .'a-o wi -.'t. tn. ; s< • j i- -a; t:--u-t s*-.*; ^s : p. in ■■■>pec" s; d . . a c :»r^ipu:e-.-i \: -;r\ :..a:'^ -s 
L;sef An,-, '.n p-jht I'^asSfS thno..^- fo ps = ^l ^"i -apfdu-t • stCd: ■) ^'^i Kw.ir.ts te. tt^.- fifst U-rs s.^da « 

ithj^ -r^ '^t -oat!. - 1 if p. a^^^": ff^' ri p.is^t. s th' u^n r'-:t suff.: * an 1 ail ' s s: ■ tris ■ u --^s soda . i 'S ■ Cs 
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This pseudo-aperture stop/negative-spacing-between-calculation-surfaces approach is illustrated by the 
zoom projection lens systems of Examples 1-7. Tables 1-7 show the surfaces used in the design process. 
In each case, there is a calculation surface whose spacing from the preceding surface is negative (i.e., 
surfaces 16, 18, 18, 16, 18, 20, and 1 in Tables 1-7, respectively). The pseudo-aperture stop is located at 

5 this surface in each of these examples. 

A vanety of commercially available lens design computer programs can be employed in the practice of 
the invention, e.g., the program sold by Optical Research Associates, Pasadena, California, under the 
trademark CODE V. Non-commercially available systems, of course, can also be used. 

In accordance with the method aspects of the invention, zoom projection lens systems following the 

10 principles of the invention are produced. Such production is performed using lens fabrication and assembly 
procedures well known in the art. The invention, of course, can also be practiced using fabrication and 
assembly procedures which may be developed in the future. General discussions of applicable manufactur- 
ing techniques can be found in, for example, The Handbook of Plastic Optics , 2nd edition, U.S. Precision 
Lens Inc.. Cincinnati, Ohio. 1983, and Home, Douglas F., Optical Production Technology , 2nd ed., Adam 

75 Hilger, Ltd., Bristol, 1983, the relevant portions of which are incorporated herein by reference. 

Without intending to limit it in any manner, the present invention will be more fully described by the 
following Examples 1-7. Figures 1-7 and Tables 1-7 correspond to these examples. The glasses and 
plastics referred to in Tables 1-7 are set forth in Table 8, where the glass names are the SCHOTT 
designations and the abbreviation "polysty" has been used for polystyrene. Equivalent glasses made by 

20 other manufacturers can be used in the practice of the invention. The aspheric coefficients set forth In the 
tables are for use in the following equation: 



z = 2 2 1/2 

1 + [1 ~ (1 + k)c^y^]^/^ 

AEy^ + AFy® + AGy-^^ + AHy^^ + Aly^^ 

30 

where z is the surface sag at a distance y from the optical axis of the system, c is the curvature of the lens 
at the optical axis, and k is a conic constant. 

The abbreviations used in the tables are as follows: SN - surface number; CLR. AP. - clear aperture; 
EFL - effective focal length; and ZP - zoom position. All dimensions given in the tables are in millimeters. 

35 Table 9 shows the location (Dist.) and diameter (Dia.) of the physical aperture stop (by surface number 
S), the operative aperture stop (by surface number S and distance (Dist.) towards the object from that 
surface), and the entrance pupil at the minimum (position 1) and maximum (position 2) system focal lengths 
for each of these examples. As shown in this table, the entrance pupil and the physical aperture stop 
remain at a substantially fixed location during zooming, while the operative aperture stop moves as zooming 

40 takes place. 

Table 9 also sets forth Q-values for the lens systems of Examples 1-7 where the Q-value is defined by: 
Q = (EFL^ax * e) / (CA ' f/no * L) 

45 and where EFLmax is the maximum value of the system's effective focal length, 0 is the semi-angular 

coverage in degrees at the system's minimum effective focal length, CA is the clear aperture of the lens 
element nearest the image, f/no is the distance from the object to the system's entrance pupil divided by 
the diameter of the entrance pupil for entrance pupils located a finite distance from the object and f/no is 
one over two times the numehcal aperture determined by the illumination means for entrance pupils located 

50 an infinite distance from the object, and L is the number of lens elements in the system which have optical 
power or correct aberrations. 

The higher the Q-value the more effective is the lens system. This value takes into account the lens 
system's zoom range (a performance factor), the angular coverage (another performance factor), the relative 
aperture (a further performance factor), the lens elements' diameters (a cost factor), and the number of lens 

55 elements (another cost factor). As shown in Table 9, the zoom projection lens systems of the invention 
achieve Q-values above 1 .0 and in many cases, above 1 .5. These values indicate that the systems have a 
combination of relatively high performance and relatively low cost. 
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Example 7 

The zoom projection lens system of this example has a distance entrance pupil. The unit nearest the 
object has positive power and remains fixed in location. Different lens configurations can be placed on the 

5 image side. The example shows a positive singlet followed by a negative doublet and another positive 
singlet, all three units moving for change of focal length. The location of the operative aperture stop as 
defined above varies between the two sides of the negative unit during zooming. The unit nearest the object 
is fixed because any motion would cause it to be larger in diameter, or violate the space required between 
the lens system and the object. Because this unit has the largest elements, it is the most expensive to 

70 manufacture. By using interchangeable zooming units, more than one focal length range can be realized 
without having to duplicate the expensive unit nearest the object. The f-number for the embodiment of 
Table 7 is 6.3 and the total angular coverage is 42 degrees. 

Although specific embodiments of the invention have been described and illustrated, it is to be 
understood that a variety of modifications which do not depart from the scope and spirit of the invention will 

75 be evident to persons of ordinary skill in the art from the foregoing disclosure. The following claims are 
intended to cover the specific embodiments set forth herein as well as such modifications, variations, and 
equivalents. 
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TABuE 8 





MATERIAL 


N.. 


\' 


1 


FC»LYSTY 


1 594948 


vj - 


2 


AC RYLIC 


1 4s3353n 


5 23 


o 


sr 1 d 


1 7:34298 


:> o "1 


4 


KO 


1.5^4532 


5 "J. 2 




^ F 55 


1 7:£M :"94 


25. '2 


{':, 


^:F 1 


1 723102 


2":) i 




F 10 


1 . 73420;;:; 


2o 2 


8 


Sh.l8 


1 64 1234 


C,C| 2 


0 


SF 14 


1.7685B.' 


2»:i 3 


10 


LF5 


1 5S481^ 


to tj 


1 1 


F-F 7 


1 51872' 1 


1 0 


12 


SF6 


1 81204/ 




1 3 


FH 5 


1 4b9l42 





TABLE 9 



Ex, Q Pos. 
NO. 



Physical 
Stop 



Operative 
Stop 



Entrance 
Pupi 1 



Dia . 

1 1.5 



12 
12 



Dia ■ 



47 .4 

47 . 4 



8 
13 



13.4 
11 . 8 



35.0 
46 . 0 



275 
275 



46 
46 



1 . 2 



15 
15 



77 . 0 
77-0 



9 
15 



1 . 4 

2 . 3 



29. 3 
49.4 



325 
325 



50 
50 



1 . 4 



1 



9 
9 



99 
99 



8 
14 



16 . 8 
9 . 2 



41.9 
58 . 9 



275 
275 



58 
58 



1 .5 



1 
2 



9 
9 



96 . 4 
96 . 4 



8 
13 



5 . 8 
. 0 



41.8 
58,9 



275 
275 



58 
58 



1 .6 



1 



8 121.4 9 24.3 77.6 500 112 

8 121.4 15 31.5 111.9 500 112 



1 .7 



1 . 5 



1 

2 

1 



13 
13 

8 
8 



164 .6 
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A zoom projection lens system for use with a predetermined illumination means, said system forming a 
well-corrected, real image of an object and having an optical axis, an entrance pupil, a physical 
aperture stop which defines the system's numerical aperture, and an operative aperture stop whose 
location is defined by the intersection with the optical axis of a ray from the iilumination means aimed 
at the center of the entrance pupil, said system comprising: 

(a) at least two lens units each comprising at least one lens element, said at least two lens units 
being separated by at least one axial space; and 

(b) zoom means for varying the system's magnification between a maximum and a minimum 
magnification by changing the at least one axial space; 

wherein as the zoom means varies the system's magnification between the maximum and minimum 
magnifications: 

(i) the entrance pupil remains at a substantially fixed position relative to the illumination means over 

the zoom range; 

(ii) the operative aperture stop moves through at least one lens element surface; and 

(iii) the physical aperture stop and the operative aperture stop are at different locations for at least 
one magnification between said maximum and minimum magnifications. 

A zoom projection lens system for use with a predetermined illumination means, said system forming a 
well-corrected, real image of an object and having an entrance pupil, said system comprising: 

(a) at least two lens units each comprising at least one lens element, said at least two lens units 
being separated by at least one axial space and including a lens unit nearest the image which has a 
lens element nearest the image; and 

(b) zoom means for varying the system's effective focal length between a maximum and a minimum 
value by changing the at least one axial space: 

wherein the system has a Q-value greater than about 1.0, where the Q-value is defined by: 

Q = (EFL^ax ' 6) / (CA * f/no * L) 

and where EFLmax is the maximum value of the system's effective focal length, 0 is the semi-angular 
coverage in degrees at the system's minimum effective focal length, CA is the clear aperture of the 
lens element nearest the image, f/no is the distance from the object to the system's entrance pupil 
divided by the diameter of the entrance pupil for entrance pupils located a finite distance from the 
object and f/no is one over two times the numerical aperture determined by the illumination means for 
entrance pupils located an infinite distance from the object, and L is the number of lens elements in the 
system which have optical power or correct aberrations. 

The zoom projection lens system of Claim 2 wherein the Q-value is greater than about 1.5. 

The zoom projection lens system of Claim 1, 2, or 3 wherein the at least two lens units comprise from 
the object side, a positive zooming unit and a negative compensating unit, or a first unit which is 
positive, a second zooming unit which is negative, and a third unit which is positive, or which comprises 
a positive lens element and a negative lens element, said third unit optionally being fixed during 
zooming. 

The zoom projection lens system of Claim 4 wherein 

(a) the negative compensating unit comprises two negative lens elements and one positive lens 
element, or 

(b) the negative compensating unit comprises one positive element and the positive zooming unit 

comprises one negative element, and or 

(c) the positive zooming unit comprises two positive lens elements and one negative lens element. 

The zoom projection lens system of Claim 1 , 2, or 3 wherein the at least two lens units comprise from 
the object side, a first fixed unit which is positive, a second unit which is positive, a third zooming unit 
which is negative, and a fourth unit which is positive. 
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7. The zoo'v. C'^ojecthjT^ lens system of Claris 6 wtiutOin tnc socord ano fourt'^ arc each comf^osod 
of a sirvjio positive' lens oioriiont. arid ijr A'horo n the tfiird ^'COrTiini.j unit corrifinsos a positive Ions 
L-iL-rnunt anj a nu^jativt.; lens 'jlcnent. 

8. The- JL".jni f..ir'jjL;'_ lii..jn luns iy^.*t;r■l uf C:ciirr; 1. 2. ..t 3 i; iij'ji.in ij cil luabt jr.u di^\.--i\t^:\\>. bJfJd.i... 

9. The zoo-r oi ojecti'jr^. lens system of Clatrri i. 2. oi 3 mcluii'ng at luast on^. lens elen^^ont funTieci jf a 
["LHymern: niatonai. 

10. A mcthiji.i for pr 'liOu'i-inq a joern prt;)jt.;(:tic n onz iysierri a:eurd(ng to ar'y jne claims 1-9. Sciid 
n^othod '.omprismg; 

(a) designing tne joom projection lone system t»y: 

(1) SfToeifying at ^eact twij lens units whhzti arc separated by at least C'rv:. axial spaci.- and which 
ea'MT comp-ist.: a: least r*r^e ^ons cler^nent. ;aid at Ujast onc' a^^iai ^pan:; Ijemc variable s<j a: to 
cfK'irTc:e the systur^^^'s magr^ificati jn botweM:;n a rTia-^iimuni ar^d a rT"inirTiu'Ti rT"iaL;jnifi(: ath 'H . 

(2) speefyinij tfie looatiorT of thu systerTVs entranc>/ papil to hc; substantially tf^*..- san-)e as tli^;; 
h-.'Cati'jrT of tfit-- '"-u:pLJt of tfvo iliLJrTunation rrioans over tne system's joorn range; ar^e 

(3) rTf.:t specifying the IC'Cation of W'o systerTVs physnal apertLjrc- stop.' wh eh defirv:-s :ne systenn's 
nonno-ieal apcttLiro: 

wfiereby the systerrt has an ofierative ape'tere stop whoso location is :i(:-ftnod by the inter?r?oticui 
witf^ tor; rip-iral a^'is of a lay frenn tfir ill jmtrvitirin rreans aimed at the rentC:r of *[Te entraner [lurnl. 
s.atd l.'iration moving throegh at loa?^t me) Ions snr-faro as tfio system's rragnifieation va-ios hetwoc;n 
tf^e maximum and minimurTi rT^agnifieations: and 

(b) prj'lucmg thtj olO'T") pr O'jc; : tior^ luris systerT^ desigoud iri stop (a). 

11. A medio. "i aceordng tC' elaim 10. whtMoir stop (2) is earrie:i CLJt by siMnatyicg tfie locatinn jf a pseude.- 
ap .'rturc; stC'["^ A-f^i- n is in tfv.. sv^tor^i's ^.^I'M-'-d r^^age sf.M'O: and na^. tfu.-- sar^u - loeati'"n as thL: 'jetpLJt 
■ the- ilkini natn.-r^ 'V-..cins 

12. Tfio r^ettiiiii of Claim 10 or ■ 1 A'tiere ri step (a> is per fC'nrit witi^ a K-ns dt.-Sicn compi.tei prograrr t.-'v 
spocryir.| ttiat tfv. afjorture st^f caiUj>:i f-u by the pri.*gram is loeated in obje:t spa.:o or riiage space 

13. Tht : rT^.-oh:-M-i CI (;iai-T^ 10 or 11 wo-'i.-ir^ stoj"' {n: is [:uo fcM^v-o witfi .j lens drsiot! -..on^i ujter priuj-.nTi 
which usu-s '.alcuiati-"'n suitai. es and the pisoue. -aiujrturc- st^ \s speeitied t; I c; m tf>e fy stem's •• 't-tect 
O' ifnag». spa-:-.- i?\ r^^.c^ans of a r'.egativr spacm.; t. etwocn twj of said caicalatien surface; 

14. Tf^e r^iethrvH o^ Clai'Ti 12 wtierein tne ler^s dos c;n ;a.-rTToute! program uses ale Ljlation surfaces and tfie 
afvjrtLjre st 'C s fpt . ifij.:1 to bi' \n ?tg,.M-t .:-M ima^jc soacv t'\ -^loarTS nf a nt^gativt' spaoirTg tsotween tw^-^ 
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